Abstract. The microstructure as well as the local mechanical and fracture behaviour of welded joints in plastic pipes made form polyethylene and material zones outside of the welded joints have been analysed using recording microhardness testing, laser extensometry and crack resistance curve tests. In has been found that the mechanical basic properties and damage kinetics are clearly depending on the welding parameters and additional notching.
Introduction
Common pipe materials such as steel and cast iron used for transportation of gases or liquids have been successfully substituted by a couple of polymers especially PE but also PP, PVDF and PB for many years. Based on the high chemical resistance of PE, life times of maximum 100 years were postulated [1] . Such high life times, however, will be only obtained if zero defect materials and parts are applied and the pipes are always loaded up to a maximum internal pressure (typically 10-16 bar) given in national specifications. In practice, pronounced reduction of the life time is to be expected, therefore, which is caused by structural weakness or overloading. Especially imperfections, such as welded joints, combined with stress concentration inevitably result in crack initiation, subcritical as well as stable creep crack growth and, finally, failure of the pipe. The latter is reflected in either leakage-before-breakage or unfavorable fast crack propagation depending on the material and the loading conditions [2, 3] . Regardless the high number of papers dealing with relationships between the morphology and the mechanical behavior of bulk PE [4] , the constitution of the joints in welded PE pipes has been only rarely investigated so far. Furthermore, only few investigations dealing with structure-property correlations of PE welded joints are known too.
Experimental
Material and Sample Preparation. As experimental material we used commercial single-wall polyethylene plastic pipes manufactured by Pipelife Czech s.r.o. (see www.pipelife.cz). These pipes (outer diameter: 110 mm and wall thickness: 6.3 mm, i.e. SDR = 17.6) made from PE-100 by extrusion are used for transportation of gases (CSN EN 1555) .
The samples were prepared from welded pipes (axial direction) by mechanical saw and milling cutter on standard shape in accordance with ISO 527 (specimen type 1A) and with different type of the notch. Deformation behavior of the material without notch and notched materials was compared (notches in the welded joint and the basic material). The influence of welding conditions on the material behavior was estimated too, i.e. individual types of welded pipes were produced with different welding conditions (optimum pressure and temperature, optimum pressure but lower and higher temperature, optimum temperature but lower and higher pressure).
Microstructure Analysis. The microscopic investigations of the morphology closed to the welding connections were carried out by cutting ultrathin sections using Microtom HM 360. This cuts 5 µm in thickness were analysed by transmission optical microscope LEICA DMRX in polarized light. The degree of crystallinity has been determined by differential scanning calorimetry (DSC).
Micro Indentation Tests. The hardness and the elastic properties of the samples were determined by a recording microhardness tester Fischerscope H 100C XYp equipped with a Vickers diamond indenter at room temperature. Samples was prepared from tensile test specimens and polished with different fine-grade sandpapers. Micro indentation results are average values from three measurements do in line through the welding connection. From load-indentation depth diagrams measured on the samples up to a maximum load of 1 N with a constant small loading rate of 50 mN/s (similar to the unloading rate), the Martens hardness HM and indentation modulus E were estimated as defined in ISO 14577.
Laser Extensometry. The equipment applied was a universal testing machine Zwick Z020 combined with a laser extensometer system (Fiedler Optoelektronik GmbH). The test speed has been fixed to be 10 mm/min and the temperature was room temperature. Tensile test "dog-bone" specimens with dimension width × thickness × length of 10×6.3×175 mm 3 and length of the parallel part of 80 mm have been used, where the original black surface of the specimens -after cleaning with ethanol -was marked by a well-defined stripe pattern using highly adhesive white color (to get a high background-reflector contrast). The principle of the measurement method and further information are given in [5] .
Fracture Mechanics. Crack resistance (R) curve tests were made by multiple specimen technique in accordance with ASTM 6068-96 using the testing machine Zwicki Z2,5 (deformation rate: 10 mm/min, support distance: 80 mm). Three-point bend (SENB) test specimens were used (6.3×10×120 mm 3 ) with total notch depth 2 mm (by sliding fresh razor blade, crack tip radius: 0.3 µm). The assessment of R curves of polymers has been described in detail in [6] .
Results and Discussion
Microstructure. Fig. 1 shows the welding connection in polarized light, where well-visible changes in the microstructure in the welding area were obtained which are in good accordance with micro indentation measurements. The degree of crystallinity is the highest inside the welded joint and the lowest inside the heat affected zones (welded joint: 56%, heat affected zones: 47%, basic material: 50%). The good agreement with results of recording microhardness tests is based on the observation that the microhardness of PE linearly increases with increasing degree of crystallinity [7] . Microhardness Profile. The results are shown in Fig. 2 for different welding parameters (pressure or temperature, respectively) in comparison with optimal conditions (only E has been plotted in this study, because both HM and E give the same trend). Both increase and decrease of the welding parameters lead to decreasing hardness values (HM) and E moduli. Sharpening of the hardness profile is evident in the material welded with higher pressure (Fig. 2a) . In the other case, when the temperature was varied, inverse trend of the mechanical properties between lower and higher temperature was obtained compared to changes of the properties induced by variation in pressure (Fig. 2b) . Whereas the material welded with higher temperature shows enhancement of 1mm
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Materials Structure & Micromechanics of Fracture VI hardness in the welding area, the welding area of the material welded with lower temperature does not become apparent, which can be correlated to changes of the microstructure. Especially the influence of temperature on the crystallization process in the welding zone is an important factor for final properties. Fracture Mechanics Parameters. As a result of higher degree of crystallinity inside the welded joint both the resistance against stable crack initiation (J 0.2 ) and stable crack propagation (T J ) are higher inside the welded joint than in the basic material (Fig. 3) . Local Deformation Behaviour. Results of the laser-extensometry measurements are summarized in Fig. 4 in form of 3D plots, where the strain ε i (z-axis) is plotted as a function of the measuring position on the sample (represented in terms of the number i of the reflector fringes, xaxis) and the loading time t (y-axis). These 3D plots provide a basis for analyzing characteristics of the local deformation behavior of the individual specimen types and welding conditions [8] . As shown in Fig. 4 , the welded joint on its own does not cause any strain concentrations. Therefore, crack propagation and failure of PE pipes occur never inside the welded joint but only inside the basic material close to the welding beat (i.e. outside of the actual joint connection) [9] . Additional artificial notches, however, induce pronounced strain concentrations, which finally lead to rapid failure in the notched area. Such crack-like imperfections must be absolutely avoided during processing, transportation and laying of plastic pipes.
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